Sequential electrodeposition of Pt and Ru on boron-doped diamond (BDD) films, in 0.5 M H 2 SO 4 by cyclic voltammetry, has been prepared. The potential cycling, in the aqueous solutions of the respective metals, was between 0.00 and 1.00 V versus Ag/AgCl. The catalyst composites, Pt and PtRu, deposited on BDD film substrates, were tested for methanol oxidation. The modified diamond surfaces were also characterized by scanning electron microscopy-X-ray fluorescence-energy dispersive spectroscopy, X-ray photoelectron spectroscopy, and Auger electron spectroscopy. The scanning Auger electron spectroscopy mapping showed the ruthenium signal only in areas where platinum was electrodeposited. Ruthenium does not deposit on the oxidized diamond surface of the boron-doped diamond. Particles with 5-10% of ruthenium with respect to platinum exhibited better performance for methanol oxidation in terms of methanol oxidation peak current and chronoamperometric current stability. The electrogenerated • OH radicals on BDD may interact with Pt surface, participating in the methanol oxidation as shown in oxidation current and the shift in the peak position. The conductive diamond surface is a good candidate as the support for the platinum electrocatalyst, because it ensures catalytic activity, which compares with the used carbon, and higher stability under severe anodic and cathodic conditions.
Introduction
The direct methanol fuel cells (DMFC) are electrochemical cells that convert chemical energy in electrical energy that can be use to power all kind of appliances. Similar to polymer electrolyte membrane fuel cells (PEMFCs), in the DMFC the anode catalyst draws the hydrogen from the methanol, and both systems use a solid electrolyte, reducing the corrosion of the device and improving the power density. Various catalytic composite systems have been studied, including PtRuOsIr [1] , PtRuOs [2] , PtMo [3, 4] , and PtRu [5, 6] . Electrodes with catalyst nanoparticles have been found to have highly catalytic performance, and the catalytic activity was found to depend on the particle size, the nature of the support, as well the preparation method [7] .
One of the subjects of research on high-efficiency fuel cells is how to minimize the electrocatalytic noble metal loading without losing the high catalytic activity. This is achieved by dispersing nanoparticles of the catalytic materials (mainly Pt-based alloys) on high surface area materials used as supports. The supports need to, in addition to having high surface, be stable and conductive. The most commonly used particle support is carbon blacks, these undergo irreversible oxidation at positive potentials, and this is a challenge particularly on the oxygen reduction electrode where they undergo high positive potentials (0.7-1.0 versus NHE), but it can occur in the anode during fuel starvation [8] [9] [10] . When the carbon blacks support oxidizes their resistance increase, the electrocatalytic particles become loose, and they lose a high number of reaction sites due to agglomeration [10] [11] [12] [13] [14] . The development of advanced support materials that are stable at high potentials, low pH, and relatively elevated temperatures is still the subject of much study [15] . Diamond, carbon nanotubes [16] , nanoporous supports and highly ordered carbon materials have been studied in order to improve the stability of the electrodes of the cell.
Advances in Physical Chemistry
Boron-doped diamond (BDD) films exhibit very high chemical and electrochemical stability. The potential range in which high stability exists is greater than 2.5 V, much greater than conventional carbon-based electrode materials such as glassy carbon and carbon blacks. BBD films exhibit very high stability to vigorous chemical and electrochemical treatments [11, 17] . Diamond films prepared by chemical vapordeposition have been employed in numerous applications due to their unique characteristics. Various studies on metal particle deposition on BDD have been carried out to examine the catalytic properties of the films [18, 19] . This excellent stability provides a rationale for the use of diamond as a support for metal nanoparticles, because various modified surfaces can be confidently used to enhance the bonding to these nanoparticles.
In the present work, we have used the polished borondoped microcrystalline diamond film as a model system, in order to study the deposition of noble metal electrocatalysts and to characterize their morphology and electrocatalytic behavior on the diamond surface. As a first step, we have characterized typical BDD films and then have sequentially electrodeposited platinum and ruthenium particles on the surface. The PtRu modified electrodes were used for methanol oxidation.
Methodology

Boron-Doped Diamond
Film. BDD films were bought from Element Six, the specifications given by the manufacturer were 10 mm × 10 mm × 1 mm thickness, polished surface finish grown by chemical vapor deposition with a resistivity 0.038-0.105 Ω-cm, and a doping level of [B] > 10 20 cm −3 . Each diamond film was cleaned by using a solution of aqua-regia, followed by cycling from −0.8 V to +1.6 versus Ag/AgCl in sulfuric acid 0.5 M, and tested as clean sample of boron-doped diamond.
Electrochemistry and Platinum-Ruthenium Electrodeposition.
All the experiments were performed in an in-house designed electrochemical cell. The boron-doped diamond (BDD) films were used as working electrodes, Ag/AgCl as reference electrode, and a Pt wire as counter electrode, respectively. Sulfuric acid optima (95-98%, Fisher) was used to prepare a 0.5 M aqueous solution as electrolyte. All the electrochemical measurements were performed using a PARSTAT 2273 potentiostat.
Potassium hexachloroplatinate (IV; 98%, Sigma-Aldrich) and ruthenium (III) chloride (45-55%, Sigma-Aldrich), dissolved in 0.5 M H 2 SO 4 , were used as metal precursors for the sequential electrodeposition of Pt : Ru. Pt deposition was carried out using K 2 PtCl 6 1 mM cycling between −0.2 V and 1.0 V versus Ag/AgCl at a scan rate of 500 mVs −1 . Then the sample was cleaned using cyclic voltammetry between −0.2 V and 1.2 V versus Ag/AgCl at a scan rate of 500 mVs −1 in H 2 SO 4 0.5 M until the voltammogram of polycrystalline platinum was perfectly reproduced. For the Ru sequential deposition, four different concentrations were used 1 mM, 0.5 mM, 0.1 mM, and 0.05 mM of RuCl 3 . All the electrodepositions were carried out by cycling the potential between −0.2 V and 0.8 V versus Ag/AgCl at a scan rate of 500 mVs −1 . Finally, methanol (99%, Sigma-Aldrich) 1 M in H 2 SO 4 0.5 M was oxidized between −0.2 V and 0.8 V versus Ag/AgCl at a scan rate 50 mVs −1 . Chronoamperometry measurements were performed at 0.35 V versus Ag/AgCl. All electrochemical measurements were done at room temperature.
Particle Characterization.
The various electrodeposited catalysts were characterized by scanning electron microscopy-X-ray energy-dispersive analysis (SEM/EDS), X-ray diffraction, and cyclic voltammetry. For the SEM micrographs a JEOL 5800LV microscope was used at 15 kV. Platinum particle size distribution measurements were performed using the UTHSCSA Image Tool program [20] , in which the SEM images were imported and the sizes of the white pixels were measured. This was done in the manual mode to avoid incorrect identification of the particles. X-ray diffraction analyses were performed using a SIEMENS D5000 X-ray diffractometer using a Cu Kα polychromatic X-ray source. The Raman spectra were obtained with an ISA-JY T64000 spectrometer. The measurements were performed in the backscattering configuration on a spot of about 3 mm in diameter illuminated with an Ar + laser (514.5 nm, 10-mW).
The XPS analysis data was obtained using a PHI 5600ci spectrometer with an Al Ka X-ray source at 15 kV and 350 W. Binding energies were corrected to the C1s sp3 signal at 284.5 eV [21] . Auger electron spectroscopy measurements were done in a Perking Elmer PHI 660 Scanning Auger Multiprobe at 10 keV. 
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Results and Discussion
Boron-Doped Diamond Film Characterization.
The BDD films used were of high quality, including predominantly (111-) type and (100-) type grains and facets, as confirmed by X-ray diffraction analysis, which has a peak pattern characteristic for diamond crystals. The first peak, appeared at 44.1 • , due to (111) plane, and a second peak, at 75.3 • , was characteristic of the (220) plane. The (220) peak were more intense than the (111) peak; this is because the growth process occurred preferentially in the (220) plane. The third peak, at 91.6 • , was assigned to the (311) plane. As a standard characterization of the BDD films bought, Raman spectral analysis was done. From the Raman spectra, the peak at 1332 cm −1 confirmed the presence of sp3 carbons, as expected for diamond materials. A small broad peak in the 1598 cm −1 region indicated the presence of sp2 carbon impurities. The films were of good quality, although sp2 carbon contamination was present, the width of the 1332 cm −1 full width at half-maximum diamond line was 4.7-7.1 cm −1 , compared with 2.6 cm −1 and 10.5 cm −1 for crystals with best and poorest crystallinity, respectively [22] . The broad peak of the 500 cm −1 was used to calculate the boron concentration using the maximum of the Lorentzian component, 5.6 × 10 19 -3.0 × 10 20 B cm −3 in diamond [23] .
The cyclic voltammetry measured in 0.5 M H 2 SO 4 showed a wide potential range in which there was relatively small background current, close to 3 V. This contrasts with gold, platinum, glassy carbon, and other commonly used electrodes and is due to the lack of catalytic activity for the hydrogen and oxygen electrolytic gas generation reactions, together with the slow tendency to undergo electrochemically induced surface oxidation [24] . Figure 1 shows the typical cyclic voltammogram for the platinum particles deposited on the boron diamond film surface for all the concentrations. Cyclic voltammograms of the platinum particledecorated BDD film were obtained after cleaning cycles were completed, it showed the characteristic current features for platinum, hydrogen adsorption and desorption (100 to −250 mV), Pt oxide formation (700-1000 mV), and Pt oxide reduction (550 mV) [28] . The electrochemically active surface area of the electrode was estimated by integrating the anodic current peak for hydrogen desorption obtained during the forward sweep (−0.2 V to 0.1 V versus Ag/AgCl) [29] . As shown in Figure 2 , the surface area of the platinum particles increases with higher concentration solution used during the depositions cycles; this is because of higher particle distribution, as the particle size remains very close for all the samples. As the concentration of the platinum solution increases the amount of particles formed increases. This tells us that, as expected, the nucleation of a new particle is easier with the proximity of the specie to be reduced to the surface to be modified. For the Pt particles deposited onto bare BDD surface, the Pt seeds firstly appeared and after that grew into large Pt particles. In such cases, the growth process dominates, and finally smaller particles could be formed. These particles that we believed are formed could not be observed in our SEM facilities. Cycle voltammetric analysis for methanol oxidation of the Pt decorated borondoped diamond films exhibited the characteristic features of methanol oxidation on pure platinum. The range particle size was approximately 100-800 nm for Pt-Ru with particle density of (a) 2.32 × 10 8 particles/cm 2 , (b) 2.02 × 10 8 particles/cm 2 , (c) 1.86 × 10 8 particles/cm 2 and (d) 5.12 × 10 7 particles/cm 2 . The particles were distributed in a nonhomogenous way throughout the surface of the diamond film, as can be seen in Figures  2 and 3 for all the samples. We see in the micrographs the agglomeration of particles for all the depositions, contrasting with the results of Montilla et al. [26] and Bennett et al. [27] . We believe this nonhomogenous distribution of the particles is due to the heterogeneous conductivity of diamond films that have been previously observed on doping levels of 10 20 B/cm 3 and below [30] . Histograms for the particle size distribution are shown in Figure 4 , modal sizes are 525 nm, 150 nm, 125 nm, and 625 nm, for deposition done using solutions 0.05, 0.1, 0.5, and 1 mM RuCl 3 /0.5 M H 2 SO 4 , respectively.
Platinum Particle Deposition
Electrochemical Characterization.
Sequential Platinum-Ruthenium
The chemical composition of the particles was verified with several techniques. Auger spectroscopy and EDS verified the elemental composition of the PtRu particles decorated boron-doped diamond films. Figure 5 shows the SEM and Auger electron spectroscopy mapping for signals of the elements: carbon, oxygen, platinum, and ruthenium. Oxygen mapping shows that it is present in the entire surface, boron-doped diamond films surface is oxidized due to the cleaning process and pretreatment done to the films when received. The platinum mapping shows where the platinum particles are deposited on the surface, and the ruthenium signal is only detected in areas where platinum is deposited. Ruthenium, as previously published for other carbon supports, was not deposited on the oxidized diamond surface of the boron-doped diamond [6] .
Further chemical characterization was done by highresolution XPS spectra for the binding energy regions of C 1s, O 1s, Pt 4f, and Ru 3p (Figures 6 and 7) . The C1s region has been fitted to three binding energy peaks: one main peak at 284.5 eV and two additional peaks +1.0 eV and +3.7 eV higher binding energies. The peak at +1.0 eV, attributed to C-O, is correlated [31, 32] to C-OH from (111) facets and C-O-C from (110) facets. The peak +3.7 eV can be attributed to C=O from the (110) facet [33] . Oxygen 1s region shows two main peaks, one attributable to C-O interaction and the second to metal oxides, from both metals, Pt and Ru.
The high-resolution X-ray photoelectron spectrum shows the binding energy peak of Pt 0 4f 5/2 and Pt 0 4f 7/2 , and with an increase of +1.2 eV in the binding energy, the signal for platinum dioxide which consist of 20% relative to the Pt 0 signal. Ruthenium 3p 1/2 region shows two main peaks, ruthenium in its reduced form and ruthenium oxide. voltammetry (see Figure 8(a) ). All the cyclic voltammograms for the electrooxidation of 1 M CH 3 OH in 0.5 H 2 SO 4 were performed between −0.2 V and 0.8 V versus Ag/AgCl at a sweep rate of 50 mVs −1 . The maximum current densities for methanol oxidation were in the range of 190-101 mA/cm 2 and 176-78 mA/cm 2 , for the Pt-Ru particles deposited on diamond. These results were obtained after the peak currents stabilized after several potential cycles. Thereafter, the peak currents were stable, at least up to 25 total cycles, with no significant loss in activity; only during the first reverse scan we observed smaller currents. Of greater importance, however, for the fuel cell catalysis is the potential range in which significant anodic current begins to be observed, that is, the oxidation onset potential. Although an arbitrary criterion must be established for this, for example, a given minimum current density, if we take a value of 10 mA/cm 2 , the onset potentials were in the range of 332-369 mV versus Ag/AgCl, for Pt-Ru particles deposited on diamond film surface [34] . The fact that Pt-Ru exhibited a lower onset than Pt is certainly expected on the basis of previous literature [5, 35, 36] .
As observed in Figure 8 , the reverse current peaks for the oxidation from the platinum surfaces does not correspond to the half the current of the methanol oxidation peak, this observation is consistent with Siné and Chomninellis [37] . This behavior can be explained by the fact that electrogenerated hydroxyl radicals HO • that are generated on the boron-doped diamond surface at lower pH electrolytes [38] interact with Pt surface and the organic compounds. Depending on the potential applied this specie can intervene on the oxidation of organic compounds. In the region of water stability, the oxidation of methanol would occur only involving direct electron transfer. Methanol oxidation can also occur by indirect oxidation, caused by a sequence of chemical and electrochemical steps initiated by the hydroxyl radicals [39] . Also the oxidized surface of diamond that possesses hydroxy (-OH) groups may be involved on the water activation on the platinum surface. Desai and Neurock showed that the presence of surface hydroxyl groups adsorbed to Ru can induce water to adsorb and activate at neighboring Pt sites [40] . This water activation could also be enhanced on the oxidized diamond surface (111).
Chronoamperometry was performed at 0.350 V versus Ag/AgCl for all the electrodeposited particles for 1800 s, Figures 8(b) and 9. The samples with greater current loss were the ones without ruthenium, as expected, because of the carbon monoxide poisoning of the platinum surface. For the platinum-ruthenium particles the particles with better current stability were the ones with small quantities of ruthenium. It appears that in particles with greater amounts of 20% of ruthenium sequentially deposited the ruthenium covers the platinum and the catalytic property of the particle is lost. Lesser positive methanol oxidation onsets were obtained for samples deposited with 0.1 and 1 mM RuCl 3 /0.5 M H 2 SO 4 , but in terms of current density stability the sample prepared with 0.1 mM RuCl 3 /0.5 M H 2 SO 4 had better performance, which is the equivalent to 10% Ru; 90% Pt. Current density for Ru 1 mM in series 2 (•) was taken out of consideration by the q-test with 99% confidence level that is it an outlier.
It is accepted that PtRu is the most promising bimetallic catalyst for methanol oxidation. Its superior activity has been observed for different PtRu materials, such as alloys, codeposits, sequential electrodeposits, and Ru adsorbed on Pt-single-crystal and on Pt carbon-supported electrodes. We have seen that the potential cycling technique yields results that are similar to those of the pulsed galvanostatic technique for platinum itself. For platinum-ruthenium, it is expected that further improvements can be made in reaching higher dispersion, although it has been reported that the dispersion of particles on diamond films is low [41] .
Conclusion
In this work we have examined the possibility of the use of boron-doped diamond as the support for electrocatalyst particles in a fuel cell. The electrochemical behavior of oxidized boron-doped diamond (BDD) films in 0.5 M H 2 SO 4 using cyclic voltammetry showed a very wide electrochemical window. Platinum particles deposited a different platinum concentrations did not showed a different particle size; although it did show a difference in the particle distribution. Pt and Pt-Ru particles were deposited on BDD film substrate; the modified diamond surfaces were also characterized by SEM/EDS, XPS, and Auger. High-resolution XPS peak fitting showed that the BDD films were oxidized with C-O, C-OH, and C-O-C. Auger electron spectroscopy mapping showed that a complete oxidized surface of diamond and that ruthenium does not deposit on the oxidized diamond surface of the boron-doped diamond. Particles with 5-10% of ruthenium with respect to platinum exhibited better performance for methanol oxidation in terms of methanol oxidation peak current and current stability. Particles with greater amounts of 20% of ruthenium sequentially deposited the ruthenium covers the platinum, and the catalytic property of the particle is lost. In the case of cyclic voltammogram for methanol oxidation, a current for the reverse peak is higher than what it is usually observed on carbon supports, a possible explanation is that the electrogenerated hydroxyl radical on BDD may interact with Pt surface, participating in the methanol oxidation as showed in the oxidation current and the shift in the peak position.
